Background-Monocyte recruitment into the arterial wall and its activation may be the central event in atherogenesis.
T he infiltration and activation of mononuclear cells into blood vessel walls are critical steps in the early stages of atherosclerosis 1, 2 and are key cellular components in unstable atheromas prone to rupture. 3 Monocyte chemoattractant protein-1 (MCP-1) is a member of the C-C chemokine family and a potent chemotactic factor for monocytes. 4 Recent studies have demonstrated that MCP-1 expression is increased in atherosclerotic lesions 5, 6 and that blocking the expression of MCP-1 or its receptor CCR2 decreases atheroma formation in hypercholesterolemic mice. 7, 8 These previous studies establish a central role for the MCP-1/CCR2 pathway in atherogenesis. However, because MCP-1/CCR2-deficient mice also have a markedly impaired Th2 and Th1 cytokine responses, respectively, 9,10 it remains unclear whether the decreased atherogenesis in MCP-1/CCR2-deficient mice is due only to blockade of the MCP-1/CCR2 signaling pathway or to the combined blockade of MCP-1 and Th1/Th2 cytokine. Evidence suggests that a Th1 cytokine, interferon-␥, plays an important role in atherogenesis. 11 Therefore, it is unclear whether postnatal blockade of the MCP-1/CCR2 pathway may be a useful site-specific gene therapy against atherosclerosis.
We performed the present study to evaluate the use of gene therapy to block MCP-1 activity in vivo by using an N-terminal deletion mutant of MCP-1, called 7ND, which lacks the N-terminal amino acid 2 to 8. This mutant MCP-1 has been shown to bind to the receptor for MCP-1 (CCR2) and block MCP-1-mediated monocyte chemotaxis. 12, 13 We hypothesized that for this approach to work, the transfected cells must secrete 7ND protein into the circulating blood and that the 7ND protein must bind to the MCP-1 receptor on monocytes or target cells in remote organs, thereby blocking signaling of MCP-1. Such inhibition of MCP-1 activity would suppress MCP-1-mediated inflammation and thereby improve the function of the target organs. If this approach is successful, direct gene transfer into target organs would not be necessary. Apolipoprotein E-knockout (ApoE-KO) mice develop hypercholesterolemia and atherosclerotic lesions similar to those seen in humans and are widely used for studying the pathogenesis of atherosclerosis. 14, 15 Therefore, we tested the effectiveness of this new strategy in ApoE-KO mice.
Methods

Experimental Animals
C57BL/6J ApoE-KO mice, 16 purchased from Jackson Laboratory, were bred and maintained in the Laboratory of Animal Experiments at Kyushu University. 17 The present study protocol was reviewed and approved by the Committee on Ethics of Animal Experiments, Kyushu University School of Medical Sciences.
Expression Vector and Preparation of HVJ-Liposome Complexes
FLAG-tagged [3Ј(C terminus)] mutant MCP-1 (7ND) was constructed by recombinant polymerase chain reaction with a wild-type human MCP-1 cDNA (a generous gift from Dr T. Yoshimura, National Cancer Institute, Frederick, Md) as template and cloned into the BamHI (5Ј) and NotI (3Ј) sites of the pcDNA expression vector plasmid (Invitrogen Corp). All sequences were confirmed by doublestranded DNA sequencing. HVJ-liposome solution was prepared as previously described. 18 ApoE-KO mice (7 or 8 weeks of age) were fed a Western-type diet containing 20% fat (wt/wt) and 0.15% cholesterol (wt/wt) (Oriental Yeast) and randomized into 2 groups of 8 mice. The PBS-treated group received an intramuscular injection of 50 L of PBS into the femoral muscles at weeks 0 and 3 after the start of the Western-type diet. The 7ND gene-transfected group was injected with 5 g 7ND plasmid DNA encapsulated in HVJ-liposome on the same time schedule. At week 6, mice were killed after collection of blood from the vena cava.
Tissue Preparation and Quantification of Atherosclerosis
After the mice were killed, the heart and aorta were removed rapidly after perfusion with PBS and then embedded in OCT compound and quick-frozen in liquid nitrogen. Approximately 200 serial cross sections (6 m thick) of the aortic root were prepared according to the method described by Paigen et al, 20 with a slight modification. In brief, atherosclerotic lesions in the aortic sinus region were examined at 5 locations, each separated by 120 m, with the most proximal site starting where the 3 aortic valves first appear. Seven serial sections prepared from each location were conventionally stained with oil red O, Masson's trichrome, and orcein stains. 17, 21 Other sections were stained immunohistochemically with monoclonal antibodies against monocyte/macrophage (MOMA-2, 10 g/mL, Serotec) or ␣-smooth muscle (␣-SM) actin (4 g/mL, DAKO). Some sections were also stained immunohistochemically for MCP-1 with a rabbit anti-rat polyclonal antibody. 22 As a negative control, nonimmune IgG was used. After incubation with biotinylated, affinity-purified goat antirat IgG followed by avidin-biotin amplification, the slides were incubated with 3Ј,3Ј-diaminobenzidine (DAB) and counterstained with hematoxylin.
Quantification of atherosclerotic lesions was performed by a single observer blinded to the experimental protocol. All images were captured and analyzed by National Institutes of Health Image software. Lipid lesion formation was analyzed by determining the percent area of oil red O stained to the total cross-sectional vessel wall area. The average value for the 5 locations for each animal was used for analysis. To assess the quality of the lesion, the areas containing collagen (aniline blue on Masson's trichrome stain), elastin (dark-brown on orcein stain), macrophage accumulation (MOMA-2-positive area), and smooth muscle (␣-SM actin-positive area) were estimated. The plaque stability score was calculated by the formula plaque stabilization scoreϭ(␣-SM actin-positive areaϩcollagen area)/(macrophage areaϩoil red O area).
To stain ␣-SM actin with a mouse anti-human ␣-SM actin monoclonal antibody, the primary antibody was first incubated with a goat anti-mouse immunoglobulin conjugated to peroxidase-labeled dextran polymer (EnVisionϩ™, DAKO); the nonreacting binding site on the secondary antibody was blocked with normal mouse serum (DAKO). The sections were incubated with the primarysecondary complex for 1 hour and visualized after incubation with DAB.
Western Blots
After immunoprecipitation, a FLAG Western detection kit (Stratagene) was used to detect FLAG-conjugated 7ND MCP-1 in the serum. 
Serum Lipid Analyses
Serum total and HDL cholesterol and triacylglycerol concentrations were determined by commercially available kits (Wako Pure Chemicals).
Statistical Analysis
All data are expressed as meanϮSEM. Mean values were compared by means of ANOVA and Bonferroni's multiple comparison tests. A value of PϽ0.05 was considered statistically significant.
Results
7ND Gene Transfection Inhibited Intradermal Monocyte Recruitment Induced by Recombinant MCP-1
We asked whether the intramuscular expression of 7ND could reduce the monocyte recruitment into the dermis induced by recombinant MCP-1. Wild-type C57BL mice were anesthetized, and their femoral muscle was exposed. Either an HVJ-liposome solution (5 g of encapsulated human 7ND plasmid DNA) or PBS was injected into the muscle. We examined 7ND protein production after intramuscular injection of a C-terminal FLAG epitope-tagged 7ND gene. Western blot analysis showed that FLAG/7ND protein was secreted into the serum (Figure 1a) . Three days after mice were injected with the 7ND gene or PBS, recombinant human MCP-1 or vehicle was injected into the dermis. Twenty-four hours after the intradermal injection, immunohistochemical sections of the injection sites were prepared and the number of MOMA-2-positive monocytes present in the injection site was determined. In the mice receiving PBS, the number of monocytes recruited into the dermis was significantly greater in the area of MCP-1 injection than in the area of vehicle injection (Figure 1b) . This increase in MOMA-2-positive monocytes was blocked by the intramuscular injection of the 7ND gene. Such blockade of monocyte recruitment into the dermis also occurred on days 7 and 21 (data not shown), suggesting that inhibition of MCP-1- 
7ND Gene Transfection Attenuated Monocyte Recruitment and Atherosclerotic Lesion Formation in ApoE-KO Mice
We next asked whether this strategy could be a useful form of gene therapy to treat atherosclerosis. ApoE-KO mice were fed a Western-type diet for 6 weeks. These mice were injected with either the 7ND vector plasmid (5 g) encapsulated in HVJ-liposome or PBS on days 0 and 21. After 6 weeks on the diet, the PBS-injected mice showed typical fatty atherosclerotic lesions in the aortic root stained with oil red O (Figure 2a ). Macrophages were the predominant cell type in atherosclerotic lesions (Figure 2a) .
Immunoreactivity for MCP-1 was localized to the intimal cells of atherosclerotic lesions (Figure 2b) , whereas no such immunostaining was evident in the aortas of wild-type mice (data not shown). The atherosclerotic lesions were significantly smaller in 7ND-transfected mice than in PBS-injected mice (Figure 2c ). In keeping with the reduction in the severity of atherosclerotic lesions by 7ND gene transfection, monocyte/macrophage infiltration was less in 7ND genetransfected mice than in PBS-injected mice (Figure 2d ).
7ND Gene Transfection Increased Atheromatous Plaque Stability
Because an increase in the extracellular matrix content is a characteristic feature of plaque stabilization, 3 we examined whether 7ND gene therapy could affect the amount and distribution of extracellular matrix proteins, such as collagen and elastin in atherosclerotic lesions. Quantitative analysis demonstrated that lesional extracellular matrix deposition was greater in 7ND-transfected mice (Figure 3b) . The increased lesional extracellular matrix content was present mainly in the capsule and shoulder area of atheromatous lesions. We further examined the lesional composition of vascular smooth muscle cells by using ␣-SM actin immunostaining and found that 7ND transfection increased the amount of ␣-SM actin in both the media and the intima (Figure 3b ). The plaque stability score, which assesses the collagen, macrophage, and lipid composition of lesions, was greater in 7ND-transfected mice than in PBS-injected mice (Figure 3c ).
We finally asked whether the beneficial effects of 7ND gene transfer could be due to changes in serum lipid concentrations or peripheral leukocyte counts. There were no significant differences in serum lipid concentrations and in the peripheral white blood cell count between the PBS-and 7ND-injected mice (Table) .
Discussion
We have demonstrated for the first time that postnatal blockade of the MCP-1/CCR2 signaling pathway by the intramuscular transfer of a mutant gene significantly reduces the formation of atherosclerotic plaques in ApoE-KO mice. Recently, it was reported that 7ND forms inactive heterodimers with wild-type MCP-1 and inhibits monocyte chemotaxis in vitro. 12, 13 This present study revealed that in vivo transfection of the 7ND gene into skeletal muscle can effectively block MCP-1 activity in remote organs. Most importantly, we found that 7ND transfection reduced the formation of atherosclerotic lesions. Our data strongly suggest that activation of the MCP-1/CCR2 pathway plays an essential role in the formation of atherosclerotic lesions in ApoE-KO mice. We also found that the beneficial effects of 7ND gene therapy are independent of serum lipid concentrations. Therefore, therapeutic inhibition of the MCP-1/CCR2 pathway in addition to lipid-lowering therapy is likely to lead to more lipid-poor stable atherosclerotic plaques.
Furthermore, we found that the lesions in 7ND-transfected mice were not only smaller but exhibited a greater amount of extracellular matrix protein, including collagen and elastin. Lesional vascular smooth muscle cells (VSMC) also were abundant in the 7ND-transfected mice. Taken together, these data suggest that the MCP-1/CCR2 pathway plays an important role in the regulation of the lesional content of extracellular matrix proteins as well as in the regulation of VSMC migration. Interestingly, MCP-1 has been shown to stimulate VSMC migration 23 and dedifferentiation 24 and to mediate collagen synthesis. 25, 26 Stable plaques are characterized by increased extracellular matrix content, increased content of differentiated VSMC, and decreased lipid and macrophage accumulation. 3 Because the plaque stability score was greater in 7ND-transfected mice than in PBS-injected mice (Figure  3c ), 7ND gene transfer may serve to stabilize vulnerable atheromatous plaques prone to rupture.
It is important to note that the inhibitory effects of 7ND gene therapy on hypercholesterolemia-induced atherosclerosis (30% reduction) were partial and less than those demonstrated in MCP-1-deficient or CCR2-deficient mice (50% reduction). 7, 8 These data imply that in addition to the MCP-1/CCR2 pathway, other chemokines (eg, IL-8 or MCP-2) or cytokines (eg, interferon-␥ or tumor necrosis factor) may be involved in atherogenesis. Indeed, double-knockout mice (interferon-␥ plus ApoE) exhibit a significant reduction (60%) in atherosclerotic lesion size. 11
Conclusions
Our strategy represents a promising form of gene therapy for the treatment of human vascular disease without apparent side effects. Future study should require careful observation over a long period of time to establish the true risk-benefit ratio. 
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